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at concentrations above 0.5 mM. The maximum rate and extent of germination was produced 23 in B. anthracis by 100 mM L-alanine with 10 mM inosine: this was equalled by just 25% of 24 these germinants when supplemented with 10 mM mandelate. Half the maximal germination 25 rate was produced by 40% of the optimum germinant concentrations or 15% of them when 26 supplemented with 0.8 mM mandelate. Germination rates in B. thuringiensis were highest 27 around neutrality but the potentiating effect of mandelate was maintained over a wider pH 28 range than was germination with L-alanine and inosine alone. For all species, lactate also 29 promoted germination in the presence of L-alanine and inosine, this was further increased by 30 mandelate. Ammonium ions also enhanced L-alanine and inosine-induced germination but 31 only when mandelate was present. In spite of the structural similarities, mandelate did not 32 compete with phenylalanine as a germinant. Mandelate appeared to bind to spores while 33 enhancing germination. There was no effect when mandelate was used in conjunction with 34 non-nutrient germinants. No effect was produced with spores of Bacillus subtilis, Clostridium 35
INTRODUCTION 55
Bacterial endospores are a highly resistant form into which some bacterial species are able to 56 differentiate (1), typically in response to nutrient limitation. A number of triggers are capable of 57 causing these spores to begin the process of returning to the vegetative form. These include 58 heat shock, high pressure and also a number of chemicals that are somewhat specific to 59 particular species (2). Spore germination is a relatively simple model of cellular differentiation 60 and it is also of applied interest. Among the spore-forming species are those capable of 61 causing human infection such as Bacillus cereus and Clostridium difficile and perhaps the 62 most important agent of concern, Bacillus anthracis. Due to the high chemical resistance of 63 spores, they are difficult to inactivate by disinfectants and only a few such chemicals are truly 64 sporicidal. For wide-spread decontamination of hospital wards the concept of 'germinate to 65 decontaminate' has been raised (3). This has also been applied as a suggested means to 66 remove spores of B. anthracis after a malicious release (4, 5). A further advantage, given the 67 relative ineffectiveness of chemical sporicides in soil, is to exploit the poor persistence of B. 68 anthracis in soil once germinated (6) . 69
The limited number of chemicals that are capable of triggering germination are well 70 established. The mostly widely used experimental model, Bacillus subtilis will, for example, 71 germinate when exposed to a mixture of L-asparagine, D-glucose, D-fructose and potassium 72 ions (7). A prior heat shock is required to activate these spores maximally and make them 73 receptive to the chemical germinants. 74
The less well-studied Clostridium difficile may also require a heat shock but the chemical 75 germinants appear to be less well defined; glycine and bile salts have been shown to act as 76 co-germinants and were maximally activated at 80 o C for 10 min. (8). For some clinical 77 isolates, however, amino acids were insufficient and rich nutrient media were required for 78 germination to occur; bile salts, however, were not required (9). 79
Members of B. cereus sensu lato (10) are interesting in that they show a high level of 80 germination just with the appropriate chemical; germination is enhanced by a prior heat shock. 81
For B. anthracis and B. cereus/ B. thuringiensis a powerful combination of chemical nutrients 82 on October 26, 2017 by UNIV OF PLYMOUTH http://aem.asm.org/ Downloaded from is L-alanine and inosine (11). The stereo-specificity for the amino acid is crucial, with D-83 alanine acting as an inhibitor (12). Germinant receptors (GRs) have been identified on the 84 inner membrane of the spore for different, specific chemical germinants that are active in 85
Bacillus species (13, 14, 15) . Each has specificity for one or more compounds, as has been 86 hypothesized for B. anthracis, for example (16). This complexity is increased by positive and 87 negative interactions between some of the chemical germinants (11). Other 'non-nutrient' 88 chemicals (2) such as calcium dipicolinate and dodecylamine can trigger germination in both 89
Bacillus and Clostridium species. In the former group this has been shown to be independent 90 of binding to any GRs (17) but such germinant pathways may be involved for Clostridium 91 species (18). Spores of B. cereus sensu lato will not develop into vegetative cells in the 92 presence of just the nutrient germinants: the process halts with the loss of calcium 93 dipicolinate, phase brightness and enhanced resistance to heat and anti-microbial 94 compounds. The possession of these features typify the sporulated state. This is an ideal 95 termination stage from an applied point of view because the germinated spores are now much 96 more susceptible to decontamination measures but are not able to replicate and, potentially, 97 worsen the contamination problem. 98
The limited number of specific chemical germinants, active on bacterial spores has 99 remained unchanged for decades. Woese et al. (19) examined the effect on a number of 100 amino acids, focusing also on analogs of L-alanine. More recently, a number of chemicals 101 have been screened for activity as inhibitors of germination (20, 21). In connection with the 102 work presented here a number of chemicals were screened for activity on spores of B. cereus 103 sensu lato. The activity of three chemicals, mandelate, lactate and ammonium ions on spore 104 germination is reported here. 105 6 100 mM L-alanine and 10 mM inosine. Using 15% of these concentrations produced the 111 lowest 112 level of germination shown in Table 1 . This equated to 50% of the spore population becoming 113 phase dark. The addition of 0.1 mM mandelate to 15 mM L-alanine and 1.5 mM inosine (15% 114 of the optimal concentration) had no effect but progressively increasing this concentration to 1, 115 5, and 10 mM mandelate dramatically potentiated the germination response (Table 1 ). This 116 resulted in increasing proportions of the spore population becoming phase dark (70, 80 and 117 90%, respectively). The minimal concentration of mandelate required to produce a detectable 118 increase in germination under these conditions was 0.5 mM. Mandelate on its own at any 119 concentration had no germinating effect. The increase in germination was proportional to the 120 amount of mandelate added; it had no potentiating effect on the germination induced by L-121 alanine or inosine separately at any concentration of any of the chemicals. was not as marked as mandelate, however: for a given concentration of L-alanine and inosine, 139 the addition of 10 mM mandelate produced a greater level of germination than the addition of 140 25 mM lactate (Table 3) . When mandelate and lactate were added together to the germinants 141 they produced an additive effect, resulting in the greatest rate and extent of germination 142 (Table 3) . Surprisingly, D-and L-forms of lactate had identical effects and combinations of the 143 two were additive. 144
Ammonium ions were found to promote the stimulation by mandelate of the germination 145 induced by alanine plus inosine. It is noteworthy that they did not increase spore germination 146 in the absence of mandelate (Table 3 ). The inclusion of all three stimulants had a small but 147 reproducible promotion of germination beyond the combination of mandelate and ammonium 148 ions or mandelate and lactate. The same stimulation of germination induced by L-alanine and 149 inosine with mandelate, ammonium ions and lactate was observed in the B. cereus strains 150
and Btcry -; as with B. anthracis, lactate had no effect alone with the germinants but had an 151 additive effect in the presence of mandelate. for mandelate over a four-fold range in L-alanine and inosine concentration, indicating a 159 degree of co-operativity between the germinants and the adjuvant. The apparent germination 160 V max increases with increasing concentration of L-alanine plus inosine and indicates that 161 mandelate binds at a different site. The apparent V max and K m values are shown in Table 4 . interactions between these germinant chemicals were, therefore, possible. 167
The maximum rate of decrease in optical density produced in B. anthracis Sterne spores 168 with L-alanine (100 mM) and inosine (10 mM) was 0.0054 OD units/min (data not shown). The 169 maximal rate of germination was reproduced by 15% of the optimal germinant concentration 170 by the addition of 10 mM mandelate. Half of the maximum rate, termed C50, was produced by 171 15% of this concentration of both germinants when supplemented with 0.8 mM mandelate. 172
Equally, if only 2.5% of both germinants were used, the C50 value was restored by the 173 addition of 100 mM mandelate. If L-alanine and inosine were used alone, 40% of the optimal 174 concentration of germinants was required to achieve C50. 175 176 Spore binding is implicated in mandelate activity. Two approaches were taken to 177 demonstrate that mandelate binds to spores in order to stimulate L-alanine/inosine-induced 178 germination. Pre-incubation of spores of either B. anthracis Sterne or Btcryin mandelate (2 179 mM) followed by centrifugation and resuspension in the germinants produced the same rate 180 and extent of germination in L-alanine/inosine as spores incubated throughout in 2 mM 181 mandelate with these germinants. Similarly, spores that had been pre-incubated as above but 182
where the mandelate was then diluted to a concentration of 0.02 mM (a non-active 183 concentration, Table 1 ) with a solution of L-alanine and inosine again produced an identical 184 germination response to those where the concentration of mandelate was 2 mM throughout 185 the assay (data not shown). This was true even when the spores had been exposed to 186 mandelate up to 4 h before incubation with L-alanine and inosine. There was no enhancement 187 of germination when spores were pre-incubated with concentrations of lactate that, when 188 added simultaneously, would have increased germination with L-alanine and inosine. alanine plus inosine it was evident that there was no competition in the germination of Btcry -195 spores but rather an additive effect of mandelate and phenylalanine occurred (Table 5 ). This 196 was true when saturating levels (100 mM) of both were used; the response was additive: 197 adding just 200 mM mandelate was less effective. This was also true for B. anthracis (data not 198 shown). 199
Positive and negative interactions have been identified between some of the amino acids 200 that can contribute to spore germination (11, 16). Mandelate had an additive effect with for all 201 of the combinations of amino acids tested with B. anthracis (Table 6) . Surprisingly, the 202 negative interaction between methionine and valine (11) appeared to be relieved when 203 mandelate was added (Table 6 ). An alternative interpretation is that it simply exerted an 204 additive effect with one or both of the amino acids present. 205
206
Dependence on pH value. The optimum pH value for germination with L-alanine and inosine 207 using non-heat shocked spores of Btcryspores was around pH 7.0 ( Table 7) . The same was 208 true when mandelate (25 mM) was added but higher rates of germination were evident and 209
were also maintained over a broad range of pH values. When heat shocked spores were 210 used, this difference disappeared, as shown in Table 2 , and near complete germination 211 across the pH range was observed in all cases. and amino acids, nor is it a spore constituent like calcium dipicolinate. Unlike this and the 223 other well-known non-nutrient germinant, dodecylamine, mandelate does seem to bind to the 224 spore and also interacts with the germinants that are required for its activity to be apparent. 225
The GR used by aromatic acids in the B. cereus group does not, however, seem to be used 226 by mandelate: there is a lack of competition with phenylalanine, which argues against its 227 involvement. Having a different chemical structure to the other known germination-active 228 chemicals increases the possibility that other such chemicals may exist. 229
The mechanism of action of mandelate is unknown. The identity and specificity of any 230 putative receptor for mandelate has not yet been investigated. Mandelate had a potentiating 231 effect on spore germination with all of the amino acids tested when inosine was present 232 (Table 6) . This, perhaps, argues against it operating through the GRs used by these amino 233
acids. There is a precise requirement for the L-isomer of amino acids (16, 19) . It was 234 surprising that the R-and S-stereoisomers of mandelate were equally active. Given the 235 stimulatory effect on mixtures of amino acids and inosine it might be that mandelate somehow 236 operates as a general sensitizer to germinating chemicals as does a heat shock. No direct 237 evidence is presented here that mandelate actually binds to the spores but it remains a 238 possibility. Unlike with mandelate, pre-incubation of spores with lactate, produced no 239 enhancement of germination when subsequently exposed to L-alanine and mandelate. 240
Related chemicals like mandelonitrile, phenylpyruvic acid and methylbenzoyl formate were 241
shown in the screening program to have no activity. Moreover, methyl anthranilate was found 242
to have an inhibitory effect on L-alanine-induced germination of B. subtilis (24). 243
As found by Woese et al. (19) , lactate alone was ineffective at triggering spore 244 germination. When combined with L-alanine and inosine there was a potentiating effect on 245 germination (Table 3) although it required a higher concentration than mandelate to achieve 246 the same effect. Lactate has a similar molecular structure to alanine and, conceivably, 247 operates by interaction with the GR that recognises the amino acid. It is important to note, 248 however, that lactate has no activity in the absence L-alanine and/or inosine. Pyruvate also 249 on October 26, 2017 by UNIV OF PLYMOUTH http://aem.asm.org/ Downloaded from has a similar structure but was found to be ineffective, indicating a degree of molecular 250 selectivity by the GR if, indeed, that is the mechanism. It is surprisingly that both stereo-251 isomers of mandelate and lactate had equal effect on promoting germination. Given the 252 structural similarity it might be surmised that lactate causes its effect through interaction with 253 the alanine GR. If this were so the acute specificity that is shown for the D-and L-forms of the 254 amino acid is completely absent with respect to lactate. Similar to the findings here it has 255 been shown that L-lactate, while not capable of inducing germination on its own, increased the 256 rate and extent of germination in C. botulinum in the presence of L-alanine and also some 257 other amino acids (25). It is of interest that this effect was, as shown here, irrespective of the 258 stereoisomer used while there was an absolute requirement for the L-form of alanine. Lactate 259 has, however, been shown to have an inhibitory effect on the germination of spores of C. 260 perfringens (26). 261
Ammonium ions have previously been reported to have a stimulatory effect on B. cereus 262 germination using 1 mM L-alanine (27). This finding was not reproduced here and even the 263 presence of much higher concentrations of L-alanine and inosine (25 mM and 2.5 mM, 264 respectively) did not benefit from the addition of ammonium ions (25 mM). This combination, 265 when supplemented with mandelate, however, produced a much higher level of germination in 266 B. anthracis spores than with L-alanine, inosine and mandelate alone (Table 3) . Ammonium 267 ions were found to stimulate the germinating effect of L-alanine and inosine (7) in one strain of 268 B. cereus but it was reported to be inhibitory in another (28). The mechanism for this is 269 unknown and has not yet been explored further. 270
Mandelate has never previously been associated with bacterial spore germination. here show that the addition of mandelate to L-alanine and inosine would greatly decrease the 288 requirement for these chemicals to achieve the same level of germination. This could either 289 mean that less of the latter chemicals would be needed in the germinant cocktail or that the 290 efficacy of the cocktail could be maintained as they were utilised by soil micro-organisms. 291
Although subject to degradation by certain micro-organisms (36, 37), mandelate is not a 292 conventional nutrient of micro-organisms. Given the restricted presence of the mandelate 293 racemase degradation pathway it would be assumed that mandelate would have a greater 294 persistence in the environment than the nutrient germinants. Work is currently underway to 295 study the germination of spores in soil with and without the presence of mandelate. The concentration of inosine was 2.5 mM and that of mandelate, 20 mM. All chemicals were 328 obtained from Sigma Aldrich (Gillingham, U.K.). Mandelic acid was also purchased from 329
Fisher Scientific (Loughborough, U.K.) and Organics Merck Millipore (Watford, UK). First, spores were incubated in mandelate (2 mM) in 50 mM phosphate buffer, pH 7.2 for 10 346 min at 25 o C and then centrifuged (13,000 x g for 5 min). The supernatant was removed and 347 the spores were re-suspended in phosphate buffer. They were then added to a germination 348 mixture to give a final concentration of L-alanine (20 mM) and inosine (2 mM). The rate and 349 extent of germination was then compared to spores that had not been pre-incubated in 350 mandelate but were in L-alanine (20mM) and inosine (2 mM) in phosphate buffer, with and 351 without mandelate (2 mM). Alternatively, spores were incubated for 10 min at 25 o C in 352 mandelate (2 mM) in 50 mM phosphate buffer, pH 7.2. This suspension was then diluted 353 1:100 with L-alanine (20 mM) and inosine (2 mM) in phosphate buffer. Germination was then 354 monitored in comparison with the positive and negative controls used above. These 355 procedures were repeated with intervals of 4, 3, 2 and 1 h before the mandelate-treated 356 spores were exposed to L-alanine and inosine. 357
The same procedures were carried out using lactate instead of mandelate but the initial 358 concentrations were 25 mM. 
